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Abstract A full (2π) phase modulation is critical for
efficient wavefront manipulation. In this article, a meta-
surface based on graphene long/short-strip resonators
is used to implement a dynamic 2π phase modulation
by applying different voltages to different graphene res-
onators. The configuration is found to have high reflec-
tion efficiency (minimum 56%) and has a full phase mod-
ulation in a wide frequency range. Terahertz (THz) beam
steering as large as 120 degrees (±60◦) is demonstrated
in a broad frequency range (1.2 to 1.9 THz) by changing
the Fermi levels of different graphene resonators accord-
ingly. This metasurface can provide a new platform for
effectively manipulating THz waves.
1 Introduction
The past decade has witnessed the advent of metama-
terials that are capable of manipulating electromagnetic
waves in an unprecedented way-for example, by control-
ling permittivity and permeability of materials. Exotic
properties have been demonstrated including negative
refractive index [1], super lens [2] and cloaking [3]. More
recently, metasurfaces, two-dimensional (2D) counter-
parts of metamaterials, have shown the ability of fully
controlling the polarization, amplitude and phase of elec-
tromagnetic waves [4,5,6,7,8]. Distinct from thick op-
tical components, such as lenses, which rely solely on
phase accumulations along the optical path, metasur-
faces utilize the abrupt phase shift at the interface pro-
duced by localized resonances. With a full phase modu-
lation of electromagnetic waves, arbitrary wavefront ma-
nipulations can be achieved and new functionalities have
been demonstrated, including flat lens [9], anomalous re-
flection or refraction [10] and hologram [11].
A full (2π) phase modulation is usually required for
efficient wavefront control and it is desirable to have a
⋆
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constant amplitude at the same time. In general, tun-
able resonant metamaterials are utilized to produce a
continuous full phase modulation. Common ways to cre-
ate tunable metamaterials include changing the geome-
tries of metamaterials, modifying their surrounding me-
dia, and manipulating the coupling between adjacent
metamaterials. In particular, numerous works on tunable
metamaterials have been carried out at the THz range
where natural materials do not interact strongly with
THz waves [12]. For instance, Microelectromechanical
(MEMS) based tunable THz metamaterials have demon-
strated large tunability and the potential to produce
highly integrated THz devices [13]. Tunability in liq-
uid crystals based metamaterials have also been demon-
strated by applying an external voltage or changing the
temperature of the device [14,15]. Manipulating the cou-
pling between adjacent metamaterial layers are experi-
mentally shown to be an effective way to achieve large
tunability in the THz regime [16]. However, those tun-
able metamaterials only focus on frequency tunability
and cannot achieve large phase modulation.
To achieve a 2π phase modulation, three different
approaches are primarily used. The first approach re-
lies on cross-polarization to impose a 2π phase shift
in the transmitted waves, which usually lead to a low
working efficiency [17]. The second way is to use dielec-
tric Huygens surfaces by overlapping electric and mag-
netic resonances to produce a 2π phase shift with high
efficiency [18]. Another approach is to use a metallic
ground plane and one resonator separated by a dielec-
tric spacer [19]. Due to the intrinsic Lorentz-like reso-
nance response, the phase shift produced by one reso-
nance is limited to π radians. By including a metallic
ground plane an additional phase is added to cover the
full 2π range in the vicinity of the resonance. By working
in reflection, higher efficiency is generally expected.
In real-world applications, it is crucial to implement
metasurfaces with a dynamic phase tunability. However,
so far, most metasurfaces are static since they tune the
whole metasurface uniformly [20], which eliminates the
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Fig. 1 (a) Schematics of the proposed TGLSR cell with di-
mensions of h = 10µm, L1 = 28µm, and L2 = 40µm.
(b) Reflectivity and phase profile for the Fermi levels of
0.5/0.5 eV (blue line) and 0.8/0.7 eV (dot line) for long/short
graphene strip resonators.
advantage of having gradient metasurfaces. The chal-
lenge of having a dynamic tunability for metasurfaces
mainly comes from fabrication difficulties to control each
discrete resonator separately.
The emerging 2D material graphene is suitable for
building 2D metasurfaces with a dynamic phase modu-
lation. Particularly, graphene behaves like a metal in the
THz range and its conductivity can be tuned by apply-
ing an external voltage [21]. This special property has
generated a lot of interest to build graphene based tun-
able metamaterials [22,23,24]. In the previous work, we
have proposed a metasurface based on double graphene
resonator in one unit cell, which can effectively focus dif-
ferent THz wavelengths into the same spot [25]. In this
article, we further discuss more details on the configu-
ration and a THz beam steering is demonstrated with
steering angle as large as 120◦ from 1.2 to 1.9 THz with
a minimum of 56% reflection efficiency.
2 Graphene Metasurfaces
The one atom thick graphene layer has shown strong
metallic behavior at the THz regime. Its surface con-
ductivity is mainly determined by intraband transition
and is evaluated by [26]
σ = −j e
2KBT
πh¯2(ω − 2jΓ )(
µc
KBT
+ 2ln(e−µc/KBT + 1)) (1)
where e is the elementary charge, T is the temperature,
ω is the angular frequency, µc is the Fermi level, Γ is
a phenomenological scattering rate, KB is the Boltz-
mann’s constant, and h¯ is the reduced Planck’s constant.
The Fermi level can be changed by electrical gating or
chemical doping, which gives great freedom to imple-
ment tunable conductivity. Several works on graphene
based metasurfaces have been reported [27,28]. Previ-
ous works focused on TM excited plasmonic resonances
in infinitely long graphene ribbons-due to the finite loss
of graphene, only a maximum of 320◦ phase modulation
was achieved [28]. In addition, the large phase modu-
lation is only achieved in the resonance vicinity, which
limits its working frequency range. The configuration of
having infinitely long graphene ribbons cannot be ex-
tended to 2D wavefront control. To avoid those limita-
tions, we propose to use two graphene long/short-strip
resonators (TGLSR) as the building block. Two res-
onances are excited by having two different graphene
long/short-strip resonators in one unit cell. Since the
two resonances are determined by the Fermi level of each
graphene strip, two independently controllable Fermi lev-
els are available for tuning the metasurface, which ex-
tend the 2π phase modulation to a large frequency range.
Although the Fermi levels of graphene can be tuned
by chemical doping, using gating voltage is the only prac-
tical way to change Fermi levels of graphene dynamically.
Fermi levels (Ef ) of graphene can be tuned by modifying
the local carrier density - this is achieved, for example,
by applying an external voltage [29]
|Ef | = h¯Vf
√
πN (2)
where graphenes Fermi velocity is Vf ≈ 1 × 106m/s,
the total carrier density N =
√
n2
0
+ α2|∆V |2, n0 is the
residual carrier concentration induced by density fluc-
tuations caused by charged impurities near the Dirac
point and is varied across different graphene samples,
α is the gate capacitance which is determined by the
specific electrode configuration, |∆V | = |VCNP − Vg|,
with VCNP being the charge neutral point where num-
bers of electrons and holes are equal, Vg is the applied
external voltages. It is noted that VCNP is highly depen-
dent on different graphene samples, e.g. VCNP = 0.5V
in one graphene sample and it is moved to much higher
value of VCNP = 12V after chemical doping [30]. To
determine the actual voltage Vg for the corresponding
Fermi levels, fitting parameters from experimental re-
sults are needed [29], and the reported values have been
varied from several volts [24,30] to hundreds of volts [29]
which can be affected by the specific graphene samples,
dielectric thickness and properties, and electrode config-
urations. In order to avoid complicating the underlying
physics and not overwhelming readers, we have decided
to use Fermi levels instead of voltages in the text, which
is a normal practice in various studies [23,27,28].
Fig. 1(a) shows the schematics of the TGLSR which
consists of a 500 nm thick gold ground plane and two sin-
gle layer graphene long/short-strips separated by a ben-
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zocyclobutene (BCB) dielectric layer. The two long/short-
strips have the same width a = 15µm but different
length b1 = 24µm and b2 = 19µm to have two reso-
nances. Numerical simulations are performed by using
the frequency domain solver in CST Microwave Studio.
The global mesh is chosen as 16 cells per wavelength
for the device and 6 for the vacuum background. The
mesh is increased for the graphene resonators, with a
maximum step width of 1 µm. Unit cell boundary is
applied to both X and Y directions, and the Z direction
has an open boundary. The relative permittivity of BCB
dielectric is nearly constant from 0.5 to 5.4 THz [31],
and we have used ǫ = 2.67 with a loss tangent of 0.012
(data obtained from [32]). Graphene can be modelled as
either a conductance surface or a volumetric material
with complex permittivity and the surface conductivity
approach is typically more efficient. The dispersive com-
plex permittivity of graphene is calculated from Eq. (1)
and CST has a user defined materials icon which can be
used to import complex permittivities from different ma-
terials for simulations. We have used a surface conduc-
tivity approach to model graphene with vanishing thick-
ness in CST, which has a built-in dispersive graphene
material calculated by using the complete Kubo for-
mula [26]. This approach is validated by reproducing the
well-known results of graphene ribbons [33]. When mod-
eling graphene, the temperature of graphene is 300 K
and the phenomenological scattering rate is assumed to
be 0.11 meV [26]. The material property of gold is taken
from the CST built-in material library, which matches
well with experimental results in the previous works [14,
16].
It is clear that two plasmon resonances are excited for
an incident THz wave with electric field polarized along
the Y direction as shown in the blue line of Fig. 1(b).
The resonance at 1.26 THz comes from the long strip
resonator with a Fermi level of 0.5 eV and 1.63 THz is as-
sociated with the short strip resonator with a Fermi level
of 0.5 eV. It is worthy noting that there is nearly a 2π
phase jump associated with each resonance, which means
the full phase modulation can be achieved in a broad fre-
quency range. More importantly, the two plasmon reso-
nances are determined by their own Fermi levels, which
effectively gives two independent variables with the ca-
pability of being controlled by applying external volt-
ages. This is clearly confirmed by increasing the Fermi
levels of long/short strip resonators from 0.5/0.5 eV to
0.8/0.7 eV, the two resonances shift from 1.26/1.63 to
1.47/1.85 THz accordingly.
To further quantitatively study the relationship be-
tween the plasmon resonances and Fermi levels, the plas-
mon resonances versus different Fermi levels are plot-
ted in the discrete data points of Fig. 2. The blue tri-
angles show the shift of plasmon resonances when fix-
ing the Fermi level of short-strip resonator at 0.4 eV
and increasing the Fermi levels of long-strip resonator
from 0.3 to 0.75 eV while the red circles show the long
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Fig. 2 Square root functions are fitted separately from dis-
crete data points by fixing one graphene resonator at 0.4 eV
and varying the other one from 0.3 to 0.75 eV. The red circles
are the data points used to fit the square root function when
fixing long-strip resonators at 0.4 eV and varying the Fermi
level of short-strip resonator from 0.3 to 0.75 eV, which give
the two fitting parameters a = 0.001347 and b = 0.007549.
The blue triangles are the data points used to fit the square
root function when fixing short-strip resonators at 0.4 eV
and varying the Fermi level of long-strip resonator from 0.3 to
0.75 eV, which give the two fitting parameters a = 0.0009255
and b = 0.005956.
one is fixed at 0.4 eV while varying the short resonator
from 0.3 to 0.75 eV, respectively. It is noted that the
resonance frequency is converted to eV unit to better
study its relation with Fermi levels. A damped oscillator
can be used to study the plasmon resonance ωp excited
in graphene ribbons [24], and a power-law scaling with
ωp ∝ |Ef |1/2 ∝ N1/4 can quantitatively describe uni-
versal relation between ωp and Fermi level |Ef |. Based
on the data points, a square root function ωp(|Ef |) =
a+b|Ef |1/2, with two fitting parameters a and b, is used
to fit these data points and the fitted curves are shown
in the solid lines in Fig. 2. It is found that the two curves
can rather accurately fit those data points with the corre-
sponding square root functions. More accurate differen-
tial equations can be used to explain scaling behavior of
plasmon resonance frequency, but the quantitative value
of ωp still cannot be solved analytically [24]. Therefore,
numerical simulations are mainly used to study THz re-
sponse of the device.
To build a metasurface, it is necessary to have a con-
tinuous 2π phase variations. Color map of phase and
reflectivity at 1.45 THz is shown in Fig. 3 when varying
Fermi levels of the two long/short-strip resonators from
0.3 to 0.9 eV, respectively. From the phase color map, it
is clear that an exact 2π phase modulation is not achiev-
able by fixing the Fermi level of the short resonator in
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Fig. 3 Reflection phase and amplitude for graphene res-
onators when Fermi levels of long/short graphene strips vary-
ing between 0.3 and 0.9 eV at 1.45 THz. The white square
indicates the large region with full phase modulation. The
black line stands for the covered phase values by varying
Fermi levels of long resonators from 0.3 to 0.9 eV when the
short resonators are fixed at 0.45 eV.
one value (e.g. 0.45 eV) and then varying the Fermi lev-
els of the long resonator from 0.3 to 0.9 eV (shown as
the black line in the phase color map). This result is
consistent with the previous work which states that com-
plete 2π phase coverage is not reached due to the finite
loss of graphene [28]. Thus by having two graphene res-
onators the problem is solved as we can select the uncov-
ered phase values in other regions. The white square in
Fig. 3 shows the large region of having full phase modu-
lation. To achieve similar results, previous design based
on graphene ribbons have to change graphene ribbon
width [27,28], which is not practical after fabrication.
With voltage controlled full phase modulation, dynamic
reconfigurable metasurfaces are readily achievable based
on the TGLSR.
3 Terahertz Beam Steering
As a proof of concept, a THz beam steering is demon-
strated based on the TGLSR. According to the general-
ized reflection law, the anomalous reflection angle for a
normal incidence is determined by [10]
θr = arcsin(
λ0
2π
dΦ
dx
) (3)
where θr is the anomalous reflection angle, λ0 is vac-
uum wavelength, and dΦdx is the phase discontinuity along
the interface. Various anomalous reflection angles are
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Fig. 4 (a) Desired phase profile and the 30 phase points
used to approximate this phase profile for an anomalous re-
flection angle of -20◦ at 1.45 THz. (b) The diamond line
shows the phase values that can be covered by fixing the
Fermi levels of short strip resonators at 0.45 eV while vary-
ing long resonators from 0.3 to 0.9 eV and the yellow region
depicts the uncovered phase values. (c) The Fermi level com-
binations of the final selected long/short strip resonators to
achieve the phase profile in Fig. 4(a). (d) Reflection ampli-
tude corresponding to those selected Fermi level combina-
tions in Fig. 4(c).
produced with different phase slopes of dΦdx as depicted
in Eq. (3). By applying different voltages to different
graphene strip resonators, a dynamic beam steering func-
tion is implemented. Fig. 4(a) shows the required phase
profile for an anomalous reflection angle of -20◦ at 1.45
THz calculated from Eq. (3). As it is not practical to
have smooth phase variations, 30 discrete phase points
(blue triangles) are used to approximate the phase pro-
file. Moreover, there are some phase points that can-
not be achieved (the yellow region in Fig. 4(b)) by only
varying Fermi levels of the long resonators when short
resonators are fixed at 0.45 eV, as shown in Fig. 4(b)
which corresponds to the black line in Fig. 3. Other
Fermi level combinations are needed to fill the remain-
ing phase points. Fig. 4(c) shows the whole Fermi level
combinations for long/short strip resonators to achieve
the required phase profile in Fig. 4(a). The reflectivity
corresponding to those selected phase points are plotted
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Fig. 5 E-field of graphene metasurface based on the TGLSR
for anomalous reflection angle of (a) -60◦, (b) -20◦, (c) 0◦,
(d) 20◦ and (e) 60◦ at 1.45 THz with the incident field sub-
tracted. The desired phase profiles for different anomalous
reflection angles are calculated from 3. The final selected
Fermi level combinations for each case are denoted in the
right part of Fig. 5(a)-(e) accordingly.
in Fig. 4(d), which shows a relative constant amplitude
with a minimum reflectivity of 0.56.
Fig. 5 shows the simulated electric field distribution
for different anomalous reflection angles with incident
field subtracted at 1.45 THz. Anomalous reflection an-
gles of -60◦, -20◦, 0◦, 20◦ and 60◦ in 1.45 THz are clearly
observed through the E-field pattern in Fig. 5(a), (b),
(c), (d) and (e), respectively. A beam steering angle of
as large as 120◦ has been demonstrated by having differ-
ent Fermi levels of graphene resonators denoted in the
right side of Fig. 5(a)-(e) accordingly. It is noted that
the Fermi levels of all the graphene resonators are fixed
at 0.45 eV for 0◦ to confirm that no anomalous reflec-
tion is observed without the desired phase discontinu-
ity. There are some distortions on the wavefront, which
mainly come from numerical approximations and differ-
ent reflection amplitude in each unit cell.
Since the discrete phase points in metasurfaces are
produced by the corresponding resonances, a narrowwork-
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Fig. 6 E-filed recorded at (a) 1.2 THz, (b) 1.45 THz and
(c) 1.9 THz for TGLSR metasurface designed to have an
anomalous reflection angle of -20◦ at 1.45 THz. It is clear
that no anomalous reflection is achieved in other frequencies
(1.2 and 1.9 THz) other than the designed working frequency
(1.45 THz).
ing bandwidth is generally expected. This is confirmed
by Fig. 6(a) and (c) in which no clear anomalous re-
flection is observed at 1.2 and 1.9 THz for a metasurface
designed to have an anomalous reflection angle of -20◦ at
1.45 THz. However there is a greater interest for a device
of which working frequency can be tuned in real appli-
cations. Thus a dynamic 2π phase modulation is needed
to accomplish this. For the sake of simplicity, three dif-
ferent frequencies of 1.2, 1.45 and 1.9 THz are demon-
strated to have the same anomalous reflection angle of
-20◦, which are shown in Fig. 7(a), (b) and (c) respec-
tively. Through dynamic phase modulation by having
different Fermi levels for different graphene resonators,
the same beam steering angle is preserved for different
working frequencies.
4 Challenges of experimentally demonstrating
this metasurface
Fabrication of graphene based tunable metamaterial de-
vices has been demonstrated a few years ago: by using
extraordinary optical transmission electrodes [29] and
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Fig. 7 After dynamic phase modulation for each frequency,
same anomalous reflection angle (-20◦) is achieved in (a) 1.2
THz, (b) 1.45 THz and (c) 1.9 THz, respectively. This con-
firms the TGLSR metasurface can achieve dynamic full phase
modulation in large frequency range (700 GHz).
ion-gel top gates [24], the carrier density has been largely
changed in graphene. By having deep-subwavelength thin
metallic array as electrodes, incident THz waves can be
transmitted without being largely perturbed by these
electrodes [29]. An alternative and better approach to
gate graphene is Indium-Tin-Oxide (ITO) Nanowhiskers
(NWhs) which has been extensively studied as a trans-
parent electrode in the THz range [34,35,36]. Experi-
mental works have shown that ITO NWhs exhibits trans-
parency as high as 70% up to 15 THz [34] and has been
reported to show transparency as high as 82% in other
works [35]. Voltage controlled THz phase shifters based
on transparent ITO NWhs have been demonstrated ex-
perimentally with 75% transmission at THz frequen-
cies [35]. The highly transparency of ITO NWhs would
better suit as electrodes for gating graphene without sig-
nificantly affecting the incoming THz waves. We have
placed ITO NWhs electrodes with complex permittivity
given in [36], and found that the whole response remains
almost the same as without electrodes for Fermi levels
of 0.5/0.5 eV, which is shown in the blue dot line of
Fig. 8(a) and (b). The metasurface used in Fig. 5(a) is re-
simulated by adding the ITO NWhs electrodes shown in
the inset of Fig. 8(b). The re-simulated E-field is shown
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Fig. 8 Effects of the ITO NWhs electrodes with 1 µm wide
and 100 nm thick on the (a) reflectivity and (b) phase of
the proposed TGLSR cell. (c) The re-simulated E-field of
metasurface used in Fig. 5(a) after adding the ITO NWhs
electrodes, which shows that an anomalous reflection angles
of -60◦ still can be achieved.
in Fig. 8(c) which further confirms that the ITO NWhs
electrodes do not affect the optical performance of this
device. Electron beam lithography (EBL) can be used to
pattern and etch the ITO NWhs electrodes. Due to in-
dium presence it is possible to make the NWhs by using
an inherent micro-masking mechanism during the RIE
process [37].
All the resonant metamaterial based devices need to
address the problem of fabrication tolerance as its prop-
erty is sensitive with geometry variations. We have ap-
plied a reasonable 3% fabrication tolerance to the dimen-
sion of the two graphene long/short-strip resonators and
find the two resonance indeed shifts from 1.26/1.63 THz
to 1.33/1.57 THz for Fermi levels of 0.5/0.5 eV as shown
in Fig. 9. By changing the Fermi levels of graphene to
0.46/0.53 eV, the two resonances come back to the de-
signed values as shown in the green dot line in Fig. 9. In
a conventional metal based metasurface, the problem of
fabrication tolerance cannot be easily solved. However
for this graphene based metasurface, fabrication toler-
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Fig. 9 Effects of fabrication tolerance on the (a) reflec-
tivity and (b) phase of the proposed TGLSR cell for Fermi
levels of 0.5/0.5 eV. The 3% fabrication tolerance can sub-
stantively shift the plasmon resonances. Through dynamic
changing Fermi levels to 0.46/0.53 eV, the designed resonance
can be restored as shown in the green dot line.
ances can be compensated by increasing or decreasing
the Fermi levels of graphene controlled by external volt-
ages. As it is shown in the green dot line, the designed
response can be restored after compensating fabrication
tolerance by changing graphene Fermi levels accordingly.
Through the existing experimental works on graphene
based tunable metamaterial devices and additional sim-
ulations, we have shown that fabrication of this device is
realistic, although challenging. Another important ben-
efit of using this graphene metasurface is that fabrica-
tion tolerances can be accommodated by varying exter-
nal voltages applied to graphene.
5 Conclusions
In conclusion, we have proposed a novel graphene strip
resonators as the fundamental cell for reconfigurable meta-
surfaces to have dynamic phase modulation in the THz
frequencies. This configuration can be applied to any ar-
bitrary wavefront manipulations with minimum of 56%
reflection efficiency. By independently controlling two
plasmon resonances in graphene resonators, 2π phase
modulation can be accomplished in a large frequency
range (700 GHz). Based on this metasurface, a THz
beam steering function is demonstrated with steering
angle of as large as 120◦. By rearranging different Fermi
levels to different graphene resonators, the same beam
steering angle is achieved from 1.2 to 1.9 THz. The most
important advantage of this metasurface is that tunabil-
ity can be implemented by applying external voltage
to graphene resonators. Gating graphene by the ITO
Nanowhiskers electrodes which have high THz trans-
parency do not affect THz performance of the device,
which is confirmed through full-wave simulations. The
fabrication tolerance can also be compensated through
dynamically adjust the corresponding Fermi levels of
graphene, which is a big advantage to the conventional
metal based metasurfaces. Moreover, this metasurface
can be directly extended to 2D wavefront manipulation,
which are highly beneficial for 2D flat lens, THz radar
systems and communications.
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